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Abstract
We study entanglement of the cavity modes in a double-cavity optomechanical
system in strong-coupling regime. The system consists of two optomechanical
systems coupled by a single photon hopping between them. With the radiation
pressure of the photon, entanglement of the cavity modes can be generated. The
concurrence between the cavity modes is at least twice larger than that between
the mechanical modes. Moreover, when we change the ratio between coupling
strength and resonant frequency of mechanical modes, the entanglement in cav-
ity and mechanical modes are influenced differently.
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1. Introduction
Quantum entanglement[1], as an important bridge between classical and
quantum mechanics, has received extensive concern in different branches of
physics. With its intriguing features in microscopic world[2], many applica-
tions can be realized, such as quantum teleportation[3], quantum computing[4],5
quantum information[5], and even the measurement of gravitational wave[6].
What is more, it is also important to study quantum entanglement in macro-
scopic systems. A lot of schemes are proposed, including entanglement between
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mirrors[7, 8], atomic ions[9], and cooper pairs[10]. It is also demonstrated that
macroscopic entanglement can be generated via radiation pressure in optome-10
chanical systems.
Cavity optomechancis[11], which focuses on the interation between light and
mechanical oscillators, has become a more and more common approach to study
entanglement in macroscopic systems with various schemes proposed[12–24].
For example, entanglement can be created between a cavity field and its out-15
put field[13], cavity field and a vibrating mirror inside[15], two distant cavities
coupled with an optical fiber[19], and two mechanical oscillators in coupled
cavities[23].
However, apart from some proposals of new models, there has been progress
in related technologies, including microfabrication[25], cooling of mechanial mo-20
tion [26–28], experimental realization of strong coupling regime[29] and single-
photon regime[30, 31]. Base on these, it is significant for us to conduct a fur-
ther research on the entanglement in the single-photon strong-coupling regime.
Therefore, in this paper we investigate the entanglement of two cavity modes
in a double-cavity optomechanical system. The system works in such a regime.25
It is found that entanglement can be generated apparently between the cavity
modes. The concurrence between the cavity modes is at least twice larger than
that between the mechanical modes. Additionally, we consider parameters ap-
peared in the system and find different influences are made on entanglement
between cavity modes and mechanical modes.30
The outline of the paper is as follows. First, we describe a model of double-
cavity optomechanic system and introduce the time-dependent state of the sys-
tem. Second, we investigate the entanglement of cavity modes generated by
state measurement. Third, we discuss the differences and releationship between
the entanglement of cavity modes and that of mechanical modes. Finally, we35
summarize the main results of this work.
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Cavity 1 Cavity 2
Figure 1: Sketch of the studied system. The system is consist of two Fabry-Perot cavities, in
each of the cavities there is a fixed mirror in the middle and a moving mirror on outer side.
A single photon hopping between two cavities and provide radiation pressure to induce the
entanglement.
2. Microcavity resonators and time-dependent state of the system
As we known, many quantum effects in mechanical systems can be gener-
ated through radiation pressure. Especially in the single-photon strong-coupling
regime, the system is sensitive enough that those effects can be produced by40
only one photon. In 2014, to generate quantum entanglement in this regime,
J.Q.Liao et al.[16] established a model of two-cavity optomechanical system,
in which considerable entanglement between two mechanical modes is induced
with a single photon hopping and providing the radiation pressure.
In this paper, following the work of J.Q.Liao et al.[16], we consider entan-45
glement between two cavity modes in the system. As shown in Fig.1, both two
Fabry-Perot cavities in this system is consist of a moving end mirror on one
side and a fixed mirror on the other side. The single-mode fields in two cavities
couple to the moving mirror by radiation pressure, and couple to each other
through the hopping of a single photon. The system is working in the strong-50
coupling regime, so that the radiation pressure of the photon is considerable for
interacting with the cavity.
In the analysis, the system is regarded as ideal, so that two cavities are
identical and the photon decay of the cavity is neglected. Then as in Ref.[16],
3
the Hamiltonian of the system is (h¯= 1)55
HS =
∑
j=1,2
[
ωcc
†
jcj + ωMm
†
jmj − g0c†jcj(m†jmj)
]
− ξ(c†1c2 + c†2c1)
(1)
Where cj , c
†
j andmj ,m
†
j are the annihilation, creation operator of the single-
mode cavity field and the mechanic mode of moving mirror in jth cavity, with
their resonant frequencies of ωc and ωM . g0 is the single-photon coupling
strength with g0 =
ωcxzpf
L
, and xzpf =
√
1
2Mωm
is the zero-point fluctuation
of the moving mirror with mass M, and L is the rest length of the cavity. The60
parameter ξ is the photon-hopping coupling strength between the two cavities.
On this basis, we introduce the unitary evolution operator corresponding to
HS , which is U(t) = e
−iHSt, to figure out the state of the system at arbitrary
time t. Since the system is working at single-photon regime, we set the initial
state of the system is |ψ(0) = |1〉c1 |0〉a2 |0〉c1 |0〉m2 . After a series of complex
computation, the expression of the time-dependent state under the rotating
wave approximation can be derived as
|Φ(t)〉 =U(t)|Φ(0)〉
=
1
2
eiΘ(t)Dm1 [β(t)/
√
2]Dm2 [β(t)/
√
2]
×
(
|1〉c1 |0〉c2
{
[eiωM t + cos(gt)]|0〉m1 |0〉m2
+
i√
2
sin(gt)(|0〉m1 |1〉m2 − |1〉m1 |0〉m2)
}
+|0〉c1 |1〉c2
{
[eiωM t − cos(gt)]|0〉m1 |0〉m2
+
i√
2
sin(gt)(|0〉m1 |1〉m2 − |1〉m1 |0〉m2)
})
(2)
Where g = − g0√
2
, Θ(t) =
(
ωc +
ωM
2
)
t+
g2
ωM
[
sin(ωM t)
ωM
− t
]
is the phace factor
and Dmj [β(t)/
√
2] = exp
[
β(t)m†
j
−β∗(t)mj√
2
]
is the deplacement operator with
β(t) = − g
ωM
(
1− e−iωM t).
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3. Entanglement between cavity modes in the system65
Here, the whole system is in an entangled state, which involves cavity field
mode c1,c2 and mechanical mode m1,m2. Therfore, we can produce entangle-
ment between cavity field by measuring state of two mechanical modes. On the
basis of equation 2, here we list the possible results of the measuring:
(1) The mechanical mode was detected in the state of |0〉m1 |0〉m2 , which possi-
bility is P00 =
1+cos2(gt)
2 . Then the cavity field must be
|φ00(t)〉 = Dm1 [β(t)/
√
2]Dm2 [β(t)/
√
2]|ψ00(t)〉 (3)
where
|ψ00(t)〉 = A00
{
|1〉c1 |0〉c2
[
eiωM t + cos(gt)
]
+ |0〉c1 |1〉c2
[
eiωM t − cos(gt)]}
(4)
With the normalization factor A00 =
1√
2+2cos2(gt)
.70
Here, in order to measure the degree of the entanglement, we introduce the
concurrence proposed by Wootters[32] as the critierion, which is
C(ψ) =
∣∣∣〈ψ|ψ˜〉∣∣∣ (5)
where
|ψ˜〉 = σy |ψ˜∗〉, σy =
(
0 −i
i 0
)
(6)
We plug |φ00(t)〉 in the function, then
C00 =
∣∣∣〈ψ00|σy|ψ˜00∗〉∣∣∣
=
∣∣∣∣e−2iωt − cos2(gt)1 + cos2(gt)
∣∣∣∣
=
√
1− 2cos2(gt)cos(2ωt) + cos4(gt)
1 + cos2(gt)
(7)
(2) The mechanical mode was detected in the state of |0〉m1 |1〉m2 or |1〉m1 |0〉m2 ,
which possibilitys are P01 = P10 =
sin2(gt)
4 . Then the cavity field must be:
|φ01(t)〉 = Dm1 [β(t)/
√
2]Dm2 [β(t)/
√
2]|ψ01(t)〉 (8a)
|φ10(t)〉 = Dm1 [β(t)/
√
2]Dm2 [β(t)/
√
2]|ψ10(t)〉 (8b)
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and
|φ01(t)〉 = A01
{
i√
2
sin(gt)
( |0〉m1 |1〉m2 + |1〉m1 |0〉m2 )
}
(9a)
|φ10(t)〉 = A10
{
− i√
2
sin(gt)
( |0〉m1 |1〉m2 + |1〉m1 |0〉m2 )
}
(9b)
With the normalization factor A01 = A10 =
1
sin(gt) . And their concurrences
is
C01 = C10 = 1 (10)
4. Discussions
Figure 2: Evolution of the concurrence C00 considering two values of k =
w
g
, including k = 10
(blue-soild line) and k = 20 (red-dash line), as well as their possibilty P1(black-soild line).
These values bring oscillations with different frequencies in their envelope, but all of them
share the same possibilty P00.
In Fig.2, the concurrence C00 of two cavity modes in case of |0〉m1|0〉m2 is
demonstrated with scaled time gt. In our derivation above, we considered the75
case ωM ≫ g for rotating wave approximation. In this figure, we consider two
values of k = ω
g
, including k = 10 and k = 20. We can find the concurrence
oscillate periodically with sinusoidal envelopes, with their frequencies in the
envelop various from k. That is different from the concurrences in mechanical
modes. It was given from previous research on mechanical modes[16] that the80
6
concurrence and its corresponding possibility is (take C1 and P1 as example, in
which the cavity mode is detected in |1〉c1 |0〉c2)
C1(t) =
sin2(gt)
2[1 + cos(gt)cos(ωM t)]
(11a)
P1(t) =
1 + cos(gt)cos(ωM t)
2
(11b)
Figure 3: Evolution of the concurrence C1 in mechanical modes, considering two values of
k = w
g
, including k = 10 (blue-soild line, upper figure) and k = 20 (blue-soild line, lower
figure). Unlike concurrence in cavity modes, their possibilties P1 (black-soild line) various
from different values of k.
As shown in Fig.3, oscillation of the concurrence keep pace with its corre-
sponding possibilty. When the concurrence oscillate more frequently, its possi-
bility act the same, keeping negative correlation between them.85
7
Since the concurrences and their corresponding possibilities are both oscil-
lating, the average concurrence is induced for futher discussion, to describe the
ability to generate entanglement of the system better:
Cave = C(t)P (t). (12)
For mechanic modes, there is
Cave(mechanical) =P1C1 + P2C2 =
sin2(gt)
2
(13a)
Cave(cavity) =P00C00 + P01C01 + P10C10 (13b)
=
√
1− 2cos2(gt)cos(2ωt) + cos4(gt)
1 + cos2(gt)
+
sin2(gt)
2
(13c)
Specially, for cavity modes in state of |ψ00〉, there is
Cave(cavity, |ψ00〉) =P00C00
=
√
1− 2cos2(gt)cos(2ωt) + cos4(gt)
2
(14)
8
Figure 4: Comparison between concurrences in cavity modes and mechanical modes. P00 is the
possibility of the state |ψ00〉 (green-soild line). Cave(mechanical) is the average concurrence
of mechancal modes, which is also equal to P10 + P01 (brown-soild line). They consist the
envelop of Cave(cavity, |ψ00〉), which is the average concurrence of cavity modes in the state
|ψ00〉(blue-dashed line). Above them is the average concurrence of cavitiy modes Cave(cavity),
represented by black-soild line.
Fig 4 clearly shows the dynamics of quantities that related to our discussion
on average concurrence. From formula.2, we can see there are three possibile
states of mechanical modes (|0〉m1 |0〉m2 ,|1〉m1 |0〉m2 and |0〉m1 |1〉m2), whose cor-
responding possibilties are P00, P10, P01 and they add up to 1. Besides the fast90
oscillation of Cave, which is correspond to photon’s motion, we can find there
is a slow oscillation of P00 and P10 + P01, which is correspond to the energy
exchenge between mechanical modes and the light field.
When P00 is large, the photon is oscillating in two cavities, with the mechan-
ical system remained in the state |0〉m1 |0〉m2 and not been entangled. There is95
a superposition state of |0〉c1 |1〉c2 and |1〉c1 |0〉c2 . In this case, the concurrence of
cavity modes can change from 0 to 1 freely, and no concurrence in mechanical
modes.
When P00 is small, the photon is entangled with the mechanical system while
9
the mechanical modes can support the superposition. Because of the entangle-100
ment with mechanical system, the motion of the photon is not as free as that
when P00 is large, and in this case the detection of |0〉m1 |0〉m2 provides more
information about the photon. This make C00 → 1 and its average concur-
rence Cave(cavity, |ψ00〉) → P00. Therefore, we have the condition of greatest
concurrence: Cave(cavity)→ 1 and Cave(mechanical)→ 12 .105
Meanwhile, when we consider the concurrence of mechanical modes after
detection of cavity modes, only |1〉m1 |0〉m2 and |0〉m1 |1〉m2 contribute to the
concurrence with the same coefficient. Hence the expectation of concurrence
Cave(mechanical) = P01 + P10. This is also equal to Cave(cavity, |ψ01〉) +
Cave(cavity, |ψ10〉) because C01 = C10 = 1. Besides, since Cave(cavity, |ψ00〉) is110
oscillating in the envelop of P00 and P10+P01, we always haveCave(cavity, |ψ00〉) ≥
Cave(mechanical).
So as the sum of the average concurrence of |0〉m1 |0〉m2 , |1〉m1 |0〉m2 and
|0〉m1 |1〉m2 , it is obvious that Cave(cavity) ≥ 2Cave(mechanical). That is, we
can generate the entanglement in cavity modes with its concurrence always at115
least twice of that in mechanical modes.
5. Conclusions
To sum up, we have investigated the entanglement of cavity modes in a
double-cavity optomechanical system, based on the previous work of J.Q.Liao.
It was found that with the radiation pressure of a single photon, the entangle-120
ment of cavity modes can be generated at least twice that of mechanical modes.
Besides, the ratio k = ω
g
makes different effects on cavity modes and mechan-
ical modes. For cavity modes, the concurrence of |ψ00〉 state and the average
concurrence various from k ,but the possibilty of detection act the same. For
mechanical modes, the concurrence of its states and the corresponding possibitly125
various from k, but the average concurrence acts the same.
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